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 SUMMARY 
 
Biodegradable polymers have become increasingly useful as a part of a system that 
treats, augments, or replaces any tissue, organ, or function of the body. Among the 
biodegradable polymers, PGA (Poly(glycolic acid)), PLA (Poly(lactic acid)) and 
PLGA (Poly(lactide-co-glycolide)) are popularly used polymers in liver tissue 
engineering because of their good compatibility. However, these polymers have their 
limitations such as not having functional groups that can be easily modified. In 
comparison, polyphosphazenes are a broad class of inorganic polymers with the 
general formula of [NPR]2, possess easily modified inorganic or organic side groups. 
Hence, the versatility of this polymer is high. The different chemical side groups can 
control the chemical and physical properties of the polymer. Therefore, this 
bioerodible polymer has shown a promise for use in tissue engineering.  In this 
research, poly[bis(ethyl-glycinato)phosphazene] (PGP), 
Poly[bis(methylphenoxy)phosphazene] (PMPP) and different copolymer compositions 
of the poly [(ethyl glycinato)(methylphenoxy)phosphazenes] (PPHOS) were 
synthesized from  ring opening polymerization of poly(dichlorophosphazene) and side 
group reactions. These polymers were characterized by using elemental analyzer, FTIR  
(Fourier transforms infrared), 1H NMR( Nuclear magnetic resonance) , 31P NMR,  
DSC (Differential scanning calorimeter), GPC (Gel permeation chromatographic), 
SEM (Scanning electron microscopy), EDX (Energy dispersive X-ray), XRD (X Ray 
diffraction), TGA (Termogravimetric analysis) and dynamic water contact angle. The 
polymers glass transition temperatures were found to be in the range of –18 to 0oC, and 
molecular weights were found in the order of 104 g/mol. GPC results also were showed 
low polydispersity (1-1.5).  An increase in the content of the methyl phenoxy group 
resulted in an increase in glass transition temperature and water contact angle. SEM 
    iv
 images of the polymers casted as films showed unusual morphologies. In vitro 
cytotoxicity testing was done by using L929 cells to examine the biocompatibility of 
these polymers. The polymer films also were seeded with Hep3B, a cancerous liver 
cell line, to evaluate the effects of the different chemical functional groups and surface 
wettability on cell growth.  Cell proliferation was examined by using MTT assays and 
two function markers, the secretion of albumin and ethoxyresorufin 0-dealkylase 
(EROD) activity were also investigated.  Results revealed that different side group of 
the polyphosphazenes influenced the thermal properties, morphology and crystallinity. 
In addition, hepatocytes attachment, morphology, and growth are dependent on the 
wettability of the substrate. The final results showed that moderate surface wettability 
(60-70o) is the major factor promoting high levels of cell attachment but not cell 
functionality. The morphology of the cells was found to be dependent on surface 
composition which has a direct influence on cell functionality and proliferation. 
Overall, our research has led us to understand how the side groups of 
polyphosphazenes affect the properties of polymer and the consequences of these 










    v
 NOMENCLATURE 
 
AFM  Atomic force microscopy 
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1.1 General Background 
 
Tissue engineering is defined as the application of principles and methods of 
engineering and life science to solve problems related to the loss or failure of an organ. 
Unlike traditional approaches for the treatment of failed tissue or organ function, tissue 
engineering uses new techniques to replace failed tissue with living tissue that is 
designed and constructed to meet the needs of each individual patient.  
 
As the liver plays an important role in a broad spectrum of physiological function, 
there is a significant challenge in the application of liver tissue engineering if the liver 
fails. One of the challenges is in the property of the liver, whereby liver cells need to 
attach on extracellular matrix (ECM) to survive and function.  The ECM is a natural 
composite of proteins and carbohydrates that will affect cellular shape, fate and 
metabolism. However, as the ECM disappears when tissue fail, we have to find a 
suitable material or polymer to replace the lost ECM to enable cell proliferation and 
functionality. Among the requirements of these scaffold materials are suitable surface 
characteristics, biodegradability, good mechanical properties and stability. 
    1
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Polyphosphazene, which is a broad class of inorganic polymer with the general 
formula of [NPR]2, was studied in this thesis as it has different chemical side group 
which can be easily modified and used to control the chemical and physical properties 
of the polymer. Therefore, this bioerodible polymer has shown promise for use in drug 
delivery and tissue engineering.   
 
In addition to the bulk polymer properties above, surface properties, such as 
hydrophobicity or hydrophilicity, can also affect the use of the polymer as a tissue 
engineering scaffold. This is due to the additional effect of the surface chemistry and 
the bioactivity of the tissue. Hence, a large number of research groups have extensively 
studied the effect of the hydrophilicity or hydrophobicity of the surface. This is 
increasingly becoming the most important parameter when biomaterials or implant 
devices are designed.  However, there is still no consensus on whether a surface should 
be hydrophilic or hydrophobic. For these reasons, it is necessary to study the effects of 
surface wettability on the cell proliferation and functionality.  
 
1.2 Objective and Scopes 
 
The overall objective of this thesis is to study the interaction between 
polyphosphazenes and a hepatocytes cell line, Hep3B in an effort to design a better 
biomaterial for liver tissue engineering. It is hypothesized that polyphosphazene is a 
biodegradable  and biocompatible polymer that can easily be modified to enhance the 
growth and function of liver cells.  
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The specific goals include:  
1. To synthesize substituted polyphosphazenes with different compositions side 
groups. 
2. To characterize the polymers by using 1H NMR, 31P NMR,  FTIR, DSC, TGA, 
SEM, EDX, water contact angle and AFM.  
3. To examine the effects of the surface wettability and chemical functional 
groups on the cells proliferation and functionality. Cells proliferation were 
examined by using MTT assays and two function markers, the secretion of 
albumin and ethoxyresorufin O-dealkylase (EROD) activity were also 
investigated. 
    3











2.1 Tissue Engineering 
2.1.1 Introduction 
Tissue engineering is an interdisciplinary subject that incorporates the principles of 
engineering with life sciences for the development of tissue or organ replacements. 
These fields involve the combination of polymer chemistry, materials science, 
chemical engineering, cell culture, development of biology and bioengineering in 
clinical scenarios to restore, maintain or improve tissue functions when the tissue is 
lost through trauma or diseases [1].  
 
Tissue engineering can be categorized into two major groups, which are tissue 
regeneration and tissue substitution.  Tissue regeneration is where a scaffold is used for 
in vivo cell attachment and proliferation while the tissue substitution is where the lost 
function of organs is replaced with a cell-polymer construct or hybridized artificial 
organs [2]. 
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2.1.2 Methods of tissue engineering  
There are four methods that are generally used in cell transplantation and tissue 
engineering [3-6]: 
 
1. Isolated cells 
In this method, harvested cells are used to replace the loss of functional tissue in the 
body mainly through injection of isolated cells. The advantage of this technique is that 
surgery and its corresponding complications are avoided. However, as many cells are 
anchorage dependent, i.e.  they only can grow and function when the cells are attached 
to a surface, the use of isolated cells usually lead to cell death as the cells are in a 
suspension.   
 
2. Encapsulated systems 
Encapsulated systems include the delivery of tissue-inducing substances, such as 
growth factors and bioactive molecules to the targeted locations. The advantages of 
having an encapsulation system are the localization of the cell renewal within the 
capsule which might result in long term survival of the encapsulated tissue and 
functional viability for xenogeneic transplantation.   
 
3. Scaffolds 
Scaffolds, also known as matrices or templates, play a crucial role for cell attachment. 
A significant feature of the scaffold is the ability to control cell adhesion, growth and 
functionality [7].  The use of scaffolds in tissue engineering sometimes involves cell 
seeding onto the scaffold prior to the implantation, but in other cases, the scaffolds are 
implanted directly without cells [2].  
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4.  Stem cells therapy 
The latest approach is to use the isolated stem cells from the body and place them onto 
structural matrices before implantation into the body, or used outside the body. For 
example, an approach for repairing bone, muscle, tendon and artificial liver by using 
stem cells therapy is being developed by the Pittsburgh Tissue Engineering Initiative 
[6].  
 
2.1.3 History of tissue engineering  
Modern tissue engineering began in 1970s when the first transplantation was done 
using islet cells protected with membranes. However this field only matured with more 
advances in the preclinical development occurring during the 1990s. For example, 
studies by Langer and Vacanti have shown that cells can be organized into functioning 
tissues by using a suitable in vitro environment [8].  
 
Scaffolds, such as sponges and fibrillar structures, were developed by using different 
methods in the early 1990s [8]. Subsequently, graft copolymers were used to improve 
the biocompatibility of the scaffolds. The use of biodegradable polymers in tissue 
engineering such as PLA, PCL, PGA and PLGA becomes popular after approval was 
received   from the Food and Drug Administration (FDA) that those are safe to be used 
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1970- Transplantation of islets protected by membrane into 
dogs by William L.Chick et al. [8] 
 
 1981- Encapsulation of living cells in microcapsules [9] 
 
1986- Langer and Vacanti tried to create an in vitro environment for cell 
organization and functionality [8] 
 
1987- ‘Tissue engineering’ term was coined by National Science Foundation 
(NSF) [10] 
 
1990- Allcock  et al. synthesized polyphosphazene membranes for 
encapsulating liver and other cells [8] 
 
1991- Development of sponge and fibrillar scaffolds by  Mikos [8] 
 
1992- Development of sponge scaffold without using any organic solvents [8] 
 
1993- Development of protein-based biomaterials  
 Development of a computer controlled bioreactor [8] 
 
1995- PLA, PGA and PLGA were approved by FDA for in vivo testing [1] 
 
1996- First commercial therapeutic product, TransCyte® in U.S.[11] 
 
1998-  The use of 3D system in tissue regeneration [1] 
   
  




2.1.4 The needs of tissue engineering 
 
The conventional approaches to replace or repair the damage tissue using 
transplantation have many limitations and drawbacks. Some examples of the different 
approaches such as autografting, xenografting, allografting and man-made materials 
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Table 2.1: Limitations of conventional approaches to repair damage tissue 
Methods Limitations 
Autografting 
These involve the transplantation of the 
tissue , such as skin, blood vessels and 
skin hair for baldness from one location to 
an other location of the same patient, 
[5,9,12]. 
 
Expensive surgical costs and possible 
wound infection [12]. 
Xenografting 
Tissue was transplanted from different 
species that are genetically transformed to 
grow immunological matched xeno-
organs  such as pig skin burn dressing, [9, 
13].  
 
Possess the risks of immune rejection and 
transfer of infectious disease from 
animals. 
Allografting  
Tissue or organ such as heart; kidney, 
liver and skin burn dressing are harvested 
from different members of the same 
species [14] to be transplanted.  
 
Possess the risks of immune rejection and 
infectious disease same as the xenogeny 
and  also limited number of donors. [14].  
Man-made materials and devices 
These are used to extend the function of 
the biological system. For example, 
artificial heart and valves to prosthetic hip 
and breast implants [12]. 
 
Only suitable for temporary therapies due 
to their limitations such as toxicity, poor 
functionalities [2] and the devices can not 
be  remodeled with time.  
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2.1.5 Growth of tissue engineering 
 
The new field of tissue engineering is growing into a development-stage industry since 
financing by public sector investments began in 1995. Generally, tissue engineering 
studies can be divided into 4 major groups, which are cell study, biomaterial, tissue 
generation for subsequent implantation and interaction of the cell with biomaterials 
[10].  
 
According to the World Technology Evaluation Center (WTEC) report on Tissue 
Engineering Research 2002 [10], the USA has a leadership position in tissue 
engineering while Japan and Europe are more focused on cell technologies, which 
include the combination of cell and biomaterials for regenerating tissue. 
 
From the sector analysis, most of the tissue engineering companies are more focused 
on structural analysis, such as skin, heart valves and bone since 1989. Also, cell 
processing has been consolidated whilst stem cell research has expanded. In contrast, 
bioartificial organs and encapsulated cell therapy have been less focused on since 1989. 
This may be due to the fact that encapsulated cell therapies have failed to demonstrate 
efficacy in phase III clinical trials [15].  
 
Developed tissue engineered skin products such as Carticel®, Apligraf®, 
Dermagraft® have increased the growth of the tissue engineering industry. 
Furthermore, the increasing use of the stem cell in medicine and therapy has also 
helped to enhance this growth. In 2001, annual spending in 70 startups or business 
units which are currently active was $610 million for tissue engineering [15]. Thus, it 
 9
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can be concluded that new technology, new findings and new ideas will contribute to 
the development of tissue engineering.   
 
2.1.6 Current limitations and issues  
 
The three key aspects in tissue engineering involve the cells, the polymer scaffold and 
the methods used for construct assembly which must be combined to achieve the 
optimal result. Some limitations and issues of tissue engineering are shown in Fig. 2.2. 
One such issue is the cell source which is still under investigation to achieve optimal 
results. The other issue of the cells is that cells commonly die before completion of the 
angiogenesis (vascular supply) process [12]. The synthesis of scaffold also faces some 
problems such as having failed to produce tissue for liver and pancreas which can  
biosynthesize protein [2], and the lack of interconnected channels in the scaffold that 
permits cell growth. Furthermore, acidic degradation of the scaffolds might cause 
damage to cells. In addition, non-uniform cell distribution over the scaffold [12] and 
poor mechanical properties of the construct assembly are also problems to be solved to 
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2. Cell source  
 
1.Failed to produce tissue 
for liver and pancreas  
2.Lack of interconnected 
channel  





1. Non-uniform cell distribution.
2. Poor mechanical properties  
Figure 2.2: Current limitations and issues of tissue engineering 
 
2.2 Liver and cells 
2.2.1 The liver  
 
The liver (Figure 2.3) [17] is one of the most sophisticated and complicated organs in 
the human body because it is comprised of multiple cell types and is highly 
vascularized [13]. The liver performs a variety of functions necessary for survival, i.e. 
it is responsible for production of a number of the proteins, 95% of which are found in 
plasma such as serum albumin. It is also well known for detoxification of compounds 
and is a center of the storage of the vitamins A, B, D and K [16]. The liver is so unique 
in that it has an amazing capacity to regenerate after injury. However, when the injury 
is severe, the regeneration of the tissue may be incomplete or may be very slow [16]. 
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Figure 2.3: Cellular arrangement within the liver lobules  
 
 
2.2.2 Liver tissue engineering  
 
A main reason for the development of liver tissue engineering is due to the problems 
and inconsistencies in the use of hepatic support systems for liver failure [18]. This has 
led to the identification of the fundamental steps in liver tissue engineering (Figure 
2.4), i.e.  the growth of the cell in polymers encapsulated with growth factors. Growth 
factors are required to promote tissue regeneration and can induce angiogenesis that is 
necessary in supplying oxygen and nutrients for the cells to survive and be 
transplanted. Subsequently, the cell-polymer interaction will be tested in vitro or in 
vivo [19]. 
 
Cell viability, proliferation and functionality are generally studied to test the in vitro 
biocompatibility before implantation of the construct into human recipients. For the in 
vivo testing, living organisms are used to test the biocompatibility of the matrix by 
studying the biological response to implanted constructs. 
 12





Hepatocytes  Scaffolds  Hepatocytes/ 
scaffold construct 
 
Figure 2.4: Fundamental steps in liver tissue engineering 
 
2.2.3 Liver cells 
 
Cells are involved in many key issues in liver tissue engineering such as the 
characteristics of the cell, cell activities, cell source, cell interaction and cell 
morphology. Generally the cells sources can be categorized into primary cells, cell 
lines and stem cells.  
 
2.2.3.1 Primary cells 
 
Freshly isolated cells that are obtained from animal or human liver are called primary 
liver cells [20]. Cells are cultured under specific environment to promote cell growth 
[9]. The limitations of using primary cells are that they are very vulnerable to 
contamination, and are difficult to maintain and preserve in a fresh state [20].  
 
2.2.3.2 Cell lines 
 
Cell lines are derived from cells that have been genetically modified to proliferate 
indefinitely. They have the potential for rapid expansion in vitro and lend themselves 
readily to gene therapy. On one hand, the advantages of  subculturing cells are the ease 
of  forming more cell lines, an increase in the homogeneity, and a higher effectiveness 
of the propagation [9]. On the other hand, the drawbacks of using cell lines are the 
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possible invocation of an immune response due to the cellular modifications and the 
tendency for cell lines to lose its differentiated function [3]. Furthermore, another 
limitation of using cell lines is enzymatic damage due to the usage of trypsin during 
the subculture process [9, 20].   
 
2.2.3.3 Stem cells 
 
renewing and undifferentiated cell that can be found in an embryo 
.2.4 Cells seeding and cell behaviors 
 
ehaviors play an important role in tissue 
g -The methods of seeding cells onto surfaces are categorized into 
as spinner flask, perfused cartridge and rotating vessel [25]. 
Stem cells are self-
or adult. They can undergo unlimited division and can give rise to one or several 
different cell types [21]. The liver epithelial stem cells, also referred to as oval cells, 
are easily propagated in culture and thus are a potential source of hepatocytes for liver 
tissue engineering [21-23]. The liver stem cells are able to differentiate into either 
biliary epithelial cells or hepatocytes [24]. However, the question of why, how and 
what makes the stem cell decide to become a particular cell type and differentiate is 
still under investigation.  
 
2
The methods of cell seeding and cell b
engineering. Cell behavior includes cell adhesion, cell spreading, cell migration and 
cell morphology.  
1. Cell seedin
static form  and dynamic form. The major difference between these two methods is 
that successful seeding of thin polymers scaffolds (< 2mm) can be achieved with static 
methods, while a higher seeding yield and uniform spatial cell distribution with thicker 
(> 2mm) scaffolds require the dynamic techniques under agitated conditions [5], such 
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2. Cell adhesion -Cell adhesion is probably the most important aspect of cell 
interaction with a biomaterial. It plays a role in the developmental process such as cell 
ing -It has been observed in general that cell adhesion do not occur 
imultaneously with cell spreading. The factors involved in cell spreading are 
glected. However, there 
 still a need to examine the cell migration. The migratory cells plays an important 
migration during embryogenesis, morphogenesis, homeostasis and thrombosis [26]. In 
fact, cells are not inherently sticky. Cells adhere to each other and their ECM through 
the interaction of a variety of specific and nonspecific adhesion molecules, and through 
specific cell surface receptors for portions of these molecules, in addition to more 
diffuse Van der Waals bonding mechanisms [27]. According to Ratner [28], there are 
four in vivo reactions of cells with a surface. Analysis of the cell adhesion can be 
carried out by using the image analysis systems at both the light and scanning electron 




distinguishable from cell adhesion. Cell spreading will promote higher shape factor 
compare with the cell adhesion.  Moreover, cell spreading are also key to the 
development of the tissue functionality and cellular activities.  
 
4. Cell migration –The study of cell migration is often ne
is
role in many biological processes such as wound healing, body defense mechanism 
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5. Cell morphology- Cells which have the length more than twice its width are 




Figure 2.5: Hepatocytes 
The liver of a 70kg adult weighs nearly 1.75kg (about 2.5 % of the total of the body 
weight), of which the hepat approximately 1.2 kg [31]. 
ed to be 10-20% of the 
ver mass, must be delivered and engrafted, for implantation to successfully replace 
k
[30]. This shape of the cells is a visually observable study and the cell morphology has 






ocyte mass represents 
Hepatocytes    (Figure 2.5)   are   anchorage-dependent cells and therefore require a 
substratum to survive and function [32]. They are polar cell with membrane domains, 
and are responsible for the detoxification activity of the liver.  
 
During liver failure, a large number of hepatocyctes, estimat
li
the liver function [33].  As hepatocytes must be seeded within a few hours of isolation, 
the surface must be properly prepared and completed prior to seeding [34]. The 
methods of implantating the liver cells can be classified into two groups: one is 
through direct injection, and the other one is through indirect injection [33].  Among 
 16
Chapter 2 Literature Review 
 
the common function of liver are albumin secretion [35-39] and cytochrome P450 [40-
41]. These would be discussed in the later chapter.  
 
2.3 Polymers 
 natural polymers 
e  scaffold can be broadly classified as either 
2.3.1. Synthetic and
Polym rs to be used as tissue engineering
natural or synthetic polymer as shown in Figure 2.6. Examples of synthetic polymers 
are polylactide, poly(amino acids) and polyphosphazenes, while heparin and chitosan 
are examples of natural polymers. The natural and synthetic polymers have distinct 
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1. Specific cellular recognition [42] 
3] 
toxic 
1. Less control of the mechanical 
e 
2. ply and costly   
 
2. Exhibit immunogenicity 
3. Good biocompatibility [4
4. Degradation will release non
product [42] 
properties, biodegradability (du
to the differences in host enzyme 
levels) and batch-to-batch 
consistency. 
Limited in sup
3. Limited control on parameters 
such as molecular weight [42] 
 
crystallinity, hydrophobicity, 
degradation rate and mechanic
properties can be controlled [44]. 
. The surface properties and 
morphology of polymer  sha
can be altered to adapt to the 
biological requirement for cel
adhesion, growth and function. 
1
activity [42].  
The degradatio
toxic or drastically alter the local 
micro environmental (e.g., pH) 
[42].  







. Lack of intrinsic biological 
2. n products may be 
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2.3.2 Material and cell interaction 
There are four major factors that control how the cells react to the implanted 
biodegradable materials, which are chemical, physical, biological and surgical 
properties as shown in Fig. 2.7 [45]. To achieve optimal cell interaction, biological 
factors such as  tissue implantation, sex of receptor and growth factor are widely 
studied. Chemical properties of the materials such as chemical composition, sequence 
of elementary, branching, polarity and steric factor also play an important role in 
interaction between the materials and cells. In addition, surface properties, electrical 
charge, porosity and different method of implantation are also some of the factors that 






• Tissue implantation 
• Age and sex of receptor 
• Growth factor 
Chemical  
• Chemical composition 
• Sequence of elementary 
• Branching of polymer chain 
• Polarity 
• Crosslinking agent 





• Surface characteristics 




• Different method of implantation 
 
Figure 2.7: Factors controlling tissue reaction to implantation materials 
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2.3.3 Polymer Scaffold 
2.3.3.1 Functions of the tissue scaffold 
 
Figure 2.8: Scaffold [12] 
 
The most important function and role of the scaffolds are to replace the extracellular 
matrix (ECM). ECM is a natural composite that is composed of different collagen 
types, large glycoproteins and proteoglycans that contain large glycosaminoglycan side 
chains, and other proteins [46]. The ECM plays a crucial role as the physiological 
substratum for cell attachment [46] and will influence cellular shape, fate, 
differentiation, proliferation and  metabolism of tissues and organs [27,47]. 
Furthermore, the ECM also serves as a reservoir for cytokines and growth factors 
which represent the earliest response to injury [48]. As such, the scaffold is an 
important factor in guiding tissue regeneration for in vitro cell culture and also in vivo 
implantations. 
 
2.3.3.2 Scaffold requirements 
The requirements of the scaffolds can be summarized into suitable space, structure, 
mechanical properties, biodegradability and surface properties. Firstly, the ideal 
structure of scaffold is to have an open and ample space for cell growth and 
proliferation [2], and porous and three dimension form to maximize diffusion 
parameters [24]. Having a porosity of at least 95 % is another important characteristic 
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that allow for vascular and cellular growth [45], exchange of nutrients and waste 
removal [18], cell penetration as well as polymer degradation [4].  To control the 
porosity and  pore size,  parameters such as  the concentration of the polymer solution, 
the number of casting steps and the size of the paraffin spheres are used [49, 50]. 
Meanwhile, a 3-D structure provides more surface area to volume ratio that promotes 
the higher surface area for cell attachment,  cell-polymer interactions and  the diffusion 
of water molecular into the bulk of the polymers when place in vivo [4]. Furthermore, 
3-D structures also enhance the cell differentiation as compared to 2-D structures.  
 
Secondly, mechanical support is required to maintain the shape and integrity of the 
scaffold when the scaffold is placed in any aggressive environmental with high 
compressive and tensile forces. Mechanical properties of the scaffold such as tensile 
strength and modulus are important factor to be tested before the implantation. Another 
consideration is that scaffolds should be ultimately replaced by regenerated 
extracellular matrix to form a normal and completely natural tissue. Therefore, the 
polymer should break down when placed in a biological environment and should not 
remain longer in the living body to avoid complications. In view of this, the polymer 
must be resorbed over controllable periods of time and degrade into metabolites of 
limited toxicity or be completely non-toxic [51]. The biodegradations must be 
controlled, thus allowing the polymer support to be taken over eventually as a result of 
tissue growth and ECM formation. The controlled biodegradation can prevent the 
development of adverse chronic responses to the artificial structure [42] which is 
advantages for long-term biocompatibility and removes the need for a second surgery 
to take out the material.  
 
 22
Chapter 2 Literature Review 
 
Fourthly, the scaffold must exhibit the appropriate surface structure, surface roughness, 
wettability, charge and topography for cell attachment especially for anchorage 
dependent cells such as hepatocytes [47].  Surface roughness is an important factor 
that affects blood compatibility since the rougher the surface, the more area that is 
exposed. Therefore, rough surfaces promote faster blood coagulation than highly 
polished surfaces [53]. Furthermore, rough implant surfaces allow for smaller 
interfacial displacements than a smooth surface [27] and promote the clotting in porous 
interfaces that prevent initial leaking of blood [53].   
 
Fifthly, hydrophobicity and hydrophilicity of scaffolds are also to be considered to 
obtain an optimal tissue engineering scaffold. Since the majority of proteins adsorb in 
higher amounts on hydrophobic than on hydrophilic surface [54], the local 
hydrophobic surface conditions will determine the protein adsorption, which is the 
accumulation of protein molecules on  the surface of a materials [55] that affects  
blood-materials interactions. Protein adsorption involves a complicated interplay of 
Van der Waals, steric, electrostatic, hydrophobic, and repulsive hydration forces [56]. 
The adsorption  of proteins onto polymer surfaces is important because of (1) its 
possible involvement in the initial stages of blood coagulation [56], (2) cellular and 
biomaterials interaction [57-61] and (3) biocompatibility and immune system reaction 
of synthetic polymers [58].  The adhesion receptors of cells includes integrins, 
cadherins, immunoglobulin superfamily and selectins [52]. However, the response of 
cells to these adsorbed proteins is non-specific, as different cells react in a different 
manner to one specific protein. 
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Conversely, the biocompatibility of polymer and the adhesion strength of the cell are 
postulated to be improved with hydrophilic surfaces. A possible explanation is that the 
hydrophilic surface leads to weak protein adsorption, and hence, provide a template or 
scaffold on which cells can proliferate. The adsorption is not so strong that the shapes 
of the cells are distorted [62]. This is especially important for anchorage-dependent 
cells, such as epithelial and fibroblast cells, which require a surface support for 
attachment and growth [63]. 
 
Finally, Davies reported that the surface charge affects cell behaviors at the 
biomaterials interface [64]. They claimed that the release of charge carries species 
from the solid surface to create a solid/liquid interface that will influence the 
composition and the protein adsorption. Furthermore, negatively charged albumin 
offers good biocompatibility compared to the other polymers that are positively 
charged [65]. 
 
The nature of the surface contacting with blood is one of the factors that influences 
blood coagulation [60, 66, 67]. It is generally stated that blood biocompatible 
biomaterials should not induce the formation of thrombi as a result of the blood and 
biomaterials contact [60]. Thrombogenicity is defined as the instantaneous rate of 
activation of the blood coagulation system per unit area of the biomaterial-blood 
contact [55] and remains one of the main problems in the development of blood-
contacting devices.  
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In addition to the requirements mentioned above, there are other properties such as the 
macromolecular permeability, protein binding or repulsion, tissue adhesion or lubricity, 
and ease of processing that influences the usefulness of the scaffold [33].  
 
2.3.3.3 Design of the scaffolds  
There are currently many methods and techniques to design and produce the shape of 
the scaffold as shown in Figure 2.9 [3, 68, 69]. 
 
Highly porous scaffolds with interconnected pores were produced by using fiber 
bonding techniques. Furthermore, the scaffolds were also found to have considerable 
mechanical strength [70].  For phase separation and emulsification techniques, the 
polymer is dissolved in a solvent at a low temperature. The pore structure of the 
scaffold can be altered by changing the temperature, the solution concentration and the 
choice of the solvent [71].  Salt leaching process was used to produce a foam or sponge 
whereby polymer ratio, particle shape and size distribution of the scaffold can be 
modified and controlled. These can be done by modifying the porosity, pore size, pore 
size distribution and pore shape of the salt [72]. Solvent evaporation was used to form 
a 2-D thin film. For this method, the polymer must dissolve in a solvent and is 
normally casted as a film on a Petri dish.  
 
Membrane lamination is used to produce 3D scaffold lacking the requirement of the 
mechanical strength for the load-bearing tissues. In addition, gas foaming also has 
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2.3.3.4 Biodegradable polymers    
Biodegradable polymers are defined as polymers that can be degraded in biological 
systems whereby the polymer is cleaved via enzymatic activity. The two principal 
mechanisms by which enzymes can degrade polymers are hydrolysis and oxidation. 
Examples of natural biodegradable polymers are polysaccharides, cellulose and 
chitosan while example of synthetic biodegradable polymers are poly(vinyl alcohol), 
poly(glycolic acid) and polyurethanes. For liver tissue engineering, PGA, PLA and 















Figure 2.10: Polymer structure of PGA and PLA 
 
PGA possesses high crystallinity and melting point but low solubility in organic 
solvents [51]. Owing to its hydrophilic structure, PGA tend to lose its mechanical 
strength rapidly (50%) and compressed together under pressure [51]. The ester linkage 
in the polymer is susceptible to hydrolysis, which makes PGA useful as an absorbable 
suture material with by products are natural metabolites [73].  
 
While PLA is more hydrophobic than PGA, it less labile to hydrolysis. It degrades 
much slowly and has a higher solubility in organic solvents. The ester linkages in the 
PLA are sensitive to both enzymatic and chemical hydrolysis [74]. PLGA was 
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introduced by combining these two monomers as shown in Figure 2.11. PLGA has 










Figure 2.11: Polymer structure of PLGA 
 
 
However, PGA and PLA do not have functional groups that can be chemically 
modified to change their characteristics at the molecular level. Therefore, interactions 
between the polymers and cells are controlled solely by cell response to the original 
polymers [1]. In addition, all polyester releases acidic degradation products that might 
have effect on the biocompatibility [66]. These polyesters also tend to be relatively 
stiff materials that are potentially a disadvantage when mechanical compliance with 
soft tissue or blood vessels is required [1, 66]. Furthermore, a limitation of these 
polymers is that none of this polyester provides a chemically reactive pendant chain for 
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2.4  Polyphosphazenes 
2.4.1 Introduction  
Polyphosphazenes are high molecular weight polymer containing a backbone of 
alternating phosphorus and nitrogen atoms [68] with the molecular structure as shown 





Figure 2.12: [NPR]2 structure 
 
It is also called poly (phosphonitrile), having side groups, R, such as alkoxy, aryloxy, 
amino, alkyl, or aryl units, that control many of the polymer properties [19]. Most of 
the different polyphosphazene polymers are synthesized from a precursor polymer - 





Figure 2.13: [NPCl]2 structure 
 
The backbone of poly(dichlorophosphazene) is a flexible chain, which has the  
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2.4.2 History 
Although chlorophosphazenes were available by 1950, but the development of 
polyphosphazenes was started in the late 1980 after the knowledge to replace the 
halogen in halophosphazenes with organic substitutions [78]. High molecular weight 
poly(alkoxy- and aryloxyphosphazenes) [75], amino acid derivatives, polymerization 
of organo-halo trimers and carboranyl derivatives have been reported after this 
development [77]. Metallocene derivatives were later introduced. Liquid crystalline 
polymers and also organosilicon derivatives have also been investigated [79]. Recently, 
living cationic polymerization of polyphosphazenes was investigated to prepare the 
block copolymers of polyphosphazene [80]. The use of polyphosphazenes has grown 
and has increasingly provided solutions to difficult engineering and biomedical 
problems due to its unique properties.   
 
2.4.3 Applications 
In general, the applications of the polyphosphazenes can be divided into four major 
groups which are fuel cells, biomaterials, high performance materials and membranes.  
Polyphosphazenes is currently the highest performing membrane material for 
methanol- based proton exchange membrane (PEM) fuel cells [81]. This may be due to 
the fact that this membrane possess high conductivity, good stability and slow 
methanol transport. 
 
For use as biomaterials, polyphosphazenes have the flexibility in changing its 
properties to meet the biological requirement. Medical applications of 
polyphosphazenes include drug delivery, biological membranes, bioactive implants, 
polymeric medical devices and are of interest as biomedical materials [82-83, 85]. 
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As high performance materials, polyphosphazenes also were produced for use such as 
flame-retardants, additives and performance polymer due to its good thermal stability 
and chemical resistance. It is thus not surprising that commercial product such as O-
rings, gaskets and seal are made from polyphosphazenes derivatives [82].  
 
Finally, polyphosphazenes membranes have shown immense potential in water 
purification, fuel-gas technologies, air enrichment, sour gas purification and separation. 
 
2.4.4 Polyphosphazenes in tissue engineering 
The potential applications of polyphosphazenes in tissue engineering have been 
increasingly acknowledged due to reasons such as versatility, biocompatibility and rate 
of degradation. Polyphosphazenes offer good versatility in polymer properties by the 
way of having different organic side groups. Hence, it can be used to replace the ECM, 
or it can be made into an ideal scaffold because polymer properties can be controlled 
and optimized. There are many possible different properties arising from the 
combinations of two or more different types of the side groups. The types of the side 
groups and their ratios in the each macromolecule also can be controlled to alter the 
properties of the polymer to achieve tissue engineering needs.  
 
A biocompatible tissue engineering implant has to consider for the host responses to 
the biomaterial, combination of the biomaterial and tissue components [61] and avoid 
potential inflammatory responses   for long terms implantation [84]. The choice of a  
suitable side groups can determine a  good biocompatibility. For instance, amino acid 
esters and imidazolyl that are used in skeletal tissue regeneration sensitizes the 
polymer to hydrolytic break-down products of limited toxicity as well as nontoxic 
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product such as phosphate and ammonia [85]. In addition, different side groups and the 
ratio of the chemical compositions of the polymer can be used to control the rate of 
polymer degradation [86, 87]. Furthermore, blending of PPHOS and PLGA was 
proven to reduce the acidity of the degradation environment [87].  
  
The erosion process converts the polyphosphazenes to small molecules that are soluble 
in water and can be removed by the metabolism or excretion. Thus, it avoids the 
secondary surgery to remove the materials from body. Hence, polyphosphazenes also 
has the advantages of bioerodibility. 
  
The surface chemistry of polyphosphazenes can be changed to optimize for cell 
adhesion and proliferation by tuning the surface to be more hydrophobic or hydrophilic, 
or to have different  functionalities [85]. The phosphazene backbone itself appears to 
be hydrophilic, mainly due to the presence of the nitrogen lone pair electrons and their 
ability to form hydrogen bonds with water molecules. However, the overall 
hydrophilic or hydrophobic character is determined by the side groups and by the 
degree to which they shield the polymer backbone.  
A major drawback of using polyphosphazenes is the high production cost of 
polyphosphazenes. Thus, they must be highly superior if they are to replace 
conventional synthetic materials [82]. However, one area in which cost is not a major 
concern and which requires limited amounts of material is medical material. 
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2.4.5 Methods of synthesis 
 In the following sections, the synthesis of the polyphosphazenes will be discussed by 
dividing into ring opening, condensation, macromolecules substitutions, living cationic 
and the most recent mixed- substituents polyphosphazenes.  
 
2.4.5.1 Ring opening polymerization  
To date, the mechanism for ring opening polymerization is not fully understood but the 
most commonly accepted mechanism is a cationic chain growth polymerization with 
initiation involving the ring opening of the trimer, hexachlorocyclotriphosphazene. It is 
assumed that polymerization is induced by ionic species that are  generated by the 
ionization of P-Cl bonds or dissociation of Cl-  to form a cyclic phosphazenium ion. 
This ion would then act as a cationic initiator to attack the skeletal nitrogen atom of a 
(NPCl2)3 molecules, inducing ring opening and chain propagation by a cationic 
mechanism [78, 82].On the other hand, free radical mechanism was also proposed. In 
this mechanism, the initiation involved cleavage of the phosphazene ring by oxygen in 
a first order process followed by chain termination in a bimolecular reaction with 
oxygen [87].  
 
Ring opening is a thermal process that must be carefully controlled to successfully 
avoid cross-linking reactions that occurs at high conversions. Firstly, the trimer was 
heated in a sealed glass at 250 oC to carry out the conversion process. The rate of 
polymerization depends on the heating temperature and the initial concentration of the 
trimer [87]. The rate of polymerization will increase with temperature but will decrease 
if the temperature is below 230oC.  Under vacuum at 300oC or above, 
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depolymerization of poly(dichlorophosphaze) will occur and yield cyclic oligomers, 

















Cl Cl  
Heating 
Figure 2.14: Conversion of hexachlorocyclotriphosphazene to polydichlorophazene 
  
The resulting product of polymerization, polydichlorophosphazene, is colorless, 
transparent and soluble in common solvents such as THF and chloroform. This 
polymer intermediate is very useful because is the base for the preparation of other 
phosphazene polymer via macromolecular substitutions, which is the main method of 
many polyphosphazene substitutions [77, 79, 89, 90]. However, this ring-opening 
polymerization route provides little or no control over the molecular weight [92].   
 
2.4.5.2 Condensation polymerization 
This method of polyphosphazenes polymerization involves a chain growth rather than 
a step growth process [88]. The advantages of this approach are the incorporation of 
small side groups at phosphorus position before polymerization that will produce 
higher molecular weight polymer compared to the ring opening or the nucleophilic 
substitution routes. However, the side groups that can be substituted are limited, such 
as two methyl groups per repeat unit or a methyl group and a phenyl group [79]. Most 
of the polysilazanes, a few of polyphosphazenes, polysilanes and carboranylsiloxanes 
are produce via  condensation polymerization [88].  
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2.4.5.3 Macromolecular substitution 
This reaction forms the basis for nearly all of the phosphazene chemistry and 
technology that has been developed to date. It allows polymers with different side 
groups or combination of side groups to be prepared with an identical backbone and 
molecular weight distribution [79, 93, 94]. The  advantages of this polymerization  
includes the very wide range of different polymer structure that  is accessible via 
changes of the side group and this open up new opportunities for novel applications in 
research. Furthermore, the phosphorus-nitrogen backbone is stable to UV light, gamma 
rays and x-rays. 
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2.4.5.4 ‘Living’ cationic polymerization  
The most recent ‘living’ cationic polymerization is used to prepare the block 
copolymers [78, 95-97]. This polymerization result in a product that has controlled 
molecular weights, narrow polydispersities and a wide range of different organic side 
groups on the phosphazenes components [91, 92]. This method produces poly 
(dichlorophosphazenes) via the PCl5 initiated polymerization of 
trichloro(trimethylsilyl)phosphoranimine (Cl3=NSiMe3) at ambient temperature  as 









    
Heat 
-Me3SiOCH2CF3
Figure 2.16: PCl5 initiated polymerization of trichloro(trimethylsilyl)phosphoranimine 
 
A reaction of Cl3=NSiMe3 with PCl5 in CH2Cl2 in a 10:1 ratio at 25oC resulted in the 
formation of (N=PCl2)n over a time of 3 hour. A portion of this reaction mixture was 
treated with NaOCH2CF3 to produce [N=P(OCH2CF3)2]2 as a control with an Mn of 
9.6  x103. The addition of a small amount of PCl5  to purify the Cl3=NSiMe3 at room 
temperature within 24 hours helps the formation of  two phases, a clear phase  and a  
colorless mixture [77]. An increase in the ratio of the phosphoranimine to PCl5 in 
solution resulted in an increase in the molecular weight, while still retaining narrow 
PDI values. 
 
This polymerization is classified as living polymerization due to the number average 
degree of polymerization being proportional to the monomer conversion, and also that 
the molecular weight distribution is narrow. Additionally, the chain end remains active 
 37
Chapter 2 Literature Review 
 
for a period of time after the polymerization has gone to completion. Thus, another 
type of monomer can be added and block copolymers can be formed [96].  The process 
has many advantages from an economical and environmental viewpoint because the 
monomer prepared from the PCl5 and the product from the polymerization (Me3SiCl) 
can be recycled into the monomer synthesis [96]. 
 
2.4.5.5 Mixed substituent polyphosphazenes  
Allcock and co-workers have been reported an alternative way to prepare cosubstituted 
poly[(fluoroalkoxy-alkoxy)phosphazenes] through side group exchange [98]. Reaction 
was carried out at room temperature and at solvent reflux temperature. It can be used 
to determine the order of the nucleophiles to obtain specific side group exchange 
without side group exchange taking place during macromolecular substitution.  
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3.1 Polymer Synthesis 
Materials 
Hexachlorocyclotriphosphazene [NPCl2]3, ρ-methylphenol and glycine ethyl ester 
hydrochloride were obtained from Aldrich, Germany. Heptane (Merck, Germany), 
toluene (Merck, Germany), THF (Aldrich, Germany) were dried by distillation from 
sodium/benzophenone under a dry nitrogen atmosphere. Triethlyamine (Merck, 
Germany) were distilled from CaH2 under a nitrogen atmosphere prior to use. Sodium 
was obtained from Riedel-de Haen, Germany. All reactions were carried out under an 
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3.1.1 Synthesis of poly(dichlorophosphazene) 
All the side group substitutions for polyphosphazene were introduced via 
poly(dichlorophosphazene). Poly(dichlorophosphazene) is hydrolytically sensitive, but 
the system can be stabilized against hydrolysis through halogen replacement reactions 
[60]. The method of      poly(dichlorophosphazene) synthesis for this project was  by 
thermal polymerization (ring opening) of hexachlorocyclotriphosphazene [NPCl2]3 to 
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such as benzene, toluene or tetrahydrofuran [78]. When the product was cooled to the 
25oC, the polymer was a transparent immobile material in which crystallization of 
residual trimer or other oligomers occur slowly [78].  
 
The product can be isolated (and separated from low molecular weight cyclic 
oligomers) by precipitation from benzene or toluene into dry n-heptanes, but in the 
rubbery state it is particularly sensitive to cross-linking. For this reason, molecular 
weight separation was performed on the substituted species and not on the chloro 
polymer used for further substitution [75]. Further heating will result in the crosslinked 
product and an inorganic rubber will be formed [75, 78]. Addition of the stannic 
chloride (over 0.6 mole %SnCl4 per NPCL2) inhibited the cross-linking process [75].  
 
















Figure 3.2: Conversion of poly[(dichloro)phosphaz
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hydrochloride salt was removed by filtration and dried in vacuum until a viscous 
polymer solution was formed. This was then reprecipitated from THF into heptane. 
Precipitation of this viscous solution into heptane yielded a rubbery, sticky and 
yellowish polymer [99,100]. 
 
PGP is insoluble in water but soluble in benzene, THF and acetone. However, it swells 
and absorbs water when immersed in aqueous media for several hours. PGP is well 
known as a biocompatible polymer as it degrades to ethanol, glycine, phosphazene, 
and ammonia which are non toxic.  
 













Poly(dichlorophosphazene)      PMPP 
Figure 3.3: Conversion of poly(dichlorophosphazene) into PMPP 
 
Poly(dichlorophosphazene) (1.6g, 0.014 mol) was dissolved in dry THF (100mL). ρ-
methylphenol (4.2g, 0.039 mol) was reacted with sodium (0.6g, 0.026mol) in dry THF 
(100ml).  After the salt was formed, it was added slowly to the polymer solution. The 
reaction mixture was then brought to reflux for 48 hours. This was then reprecipitated 
from THF into DI water.  
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3.1.4 Poly [(ethyl glycinato)(methylphenoxy)phosphazenes PPHOS 
 
These reactions were carried out in a similar fashion for different composition of 
PPHOS as described by Laurencin e al. An example of poly[ (ethyl glycinato)(methyl 










Figure 3.4: PPHOS polymer structure 
 
Briefly, the poly(dichlorophosphazene) (3.0g, 0.027mol) was dissolved in dry THF 
(200ml). The polymer dissolved to form a viscous and colorless solution. ρ-methyl 
phenoxy ( 4.2g, 0.039mol) was reacted with sodium (0.6g, 0.026 mol) in dry THF 
(100ml).After the salt had formed, it was added slowly to the polymer solution. The 
reaction mixture was then brought to reflux for 48h. Ethyl glycinate HCl (11.25g, 
0.0807mol) was suspended in toluene (100ml) and triethylamine (11.3ml, 0.0807 mol). 
The mixture was brought to reflux for 4h. The toluene solution and the polymer 
solution were then cooled. The triethylamine hydrogen chloride salts were filtered off 
and the ethyl glycinate solution was added to the partially substituted polymer. These 
reactions proceeded at room temperature for 10 h. The reaction mixture was then 
concentrated under vacuum and isolated by precipitation into heptane. The polymer 
product was purified by precipitation into heptane (5X). The salts were removed by 
centrifugation, and the clear polymer solution was decanted. The polymer was dried 
under vacuum over P2O5 for at least 18 hours at 50oC before the next reaction. 
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3.1.5 Preparation of polymer films for cell growth studies 
Polymer samples were dissolved in THF to make a 10% w/v solution and cast onto a 
13mm cover slips. These cover slips were left at room temperature for 2 days and then 
freeze dried for 96 hour. Positive control surfaces were prepared by coating glass cover 
slips with l mg/mL solution of poly(L-lysine) (Sigma, Germany) for 24h incubation at 
37oC followed by adding 10µL of  1mg/mL laminin (Invitrogen, USA)  for 2h 
incubation at 37oC. All cover slips were exposed to ultraviolet light for 24 h of 
sterilization and rinsed with 2ml of PBS and 2ml culture medium before seeding with 
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    Surface wettability Figure 3.5: Measurements of polymer characterization 
31P NMR data (Bruker ACF300, USA) were obtained in chloroform-d 
1P NMR spectra were referenced to an external H3PO4 and 1H NMR 
ferenced to TMS.  FTIR spectra (Bio-rad, USA) were recorded by using 
 reference. The thermal history of polymer was also studied by using 
. Glass transition temperatures were obtained with the use of DSC 
o, USA) by scanning from  –70oC to 40oC with a scan rate of 10oC/min.  
mogravimetric thermal analyzer (Du Pont) was used to heat the samples 
rom room temperature to 800oC under nitrogen atmosphere.  Molecular 
lymer samples were estimated by Gel Permeation Chromatography 
rd Series 1100, USA), equipped with a PLgel 5 mm MIXED-C column 
7A refractive index detector. Monodispersed polystyrene standards 
 Agilent Co.) were used to generate the calibration curve.  Elemental 
performed by using CHN elemental analyzer (Perkin Elmer, USA). The 
f polymers was analyzed using scanning electron microscopy (SEM) 
0LV, Japan) and AFM (Veeco Metrology, USA). Energy-dispersive X-
py (EDX) (Oxford, UK) was used to investigate the chemical element 
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distribution of the area selected. X-ray diffraction (XRD) measurements were carried 
out using a XRD (Shimadzu, Japan).  
 
3.2.1 Water contact angle film and SEM sample preparation 
10% w/v polymer was dissolved in THF and casted on microscope slips and allowed to 
dry at room temperature for 48 h and then freeze dried for 48 h. Each film was then 
measured by a VCA Optima goniometer (AST products, Middlesex). Six 
measurements were taken for each film. Similar preparation of polymers was done for 
SEM sample before coating with platinum.  
 
3.3  Cell culture 
 
3.3.1 Cell Culture Hep3B  
Hep3B (Cell Resource Center for Biomedical Research, Institute of Development, 
Aging and Cancer, Tohoku University, Japan) were grown in DMEM (Sigma, 
Germany) supplemented with 10% FBS (Gibco, Invitrogen, USA), 100 unit penicillin-
streptomycin with amphotericin B and 110mg/L sodium pyruvate (Sigma, Germany). 
The ingredients were prepared as discussed for the reasons below [82, 101, 102].The 
cells were seeded at a density of 7 x 104cells/ ml. The medium was changed every 
three days during culture.  
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Cell subcultures with specific
that, the cell layer was washe
ml of Trypsin-EDTA solution
min. 5 ml of complete growth
pipeting to transfer to centr
1500rpm for 5 min. The med
After shaking vigorously, 20
stained with 20µL trypan blu
Pasteur pipet, a small amount
the tip of the pipet onto the slo
 Buffer Systems- Cell metabolism produces 
comparatively large amounts of waste products that 
are usually acidic in nature. Thus, to maintain a 
suitable pH in a particular medium, buffering system 
such as sodium bicarbonate is supplied. However, it 
requires 5% CO2 in 95% humidity in which to 
equilibrate.Amino Acids- It supplies the major source energy for 
cell metabolisms. These will needs to be dissolved in 
either 1M NaOH or 1M HCl before adding to the 
stock solution because of its poorly soluble in water. 
Antibiotics- The major function of using antibiotics is 
to reduce the incidence of opportunistic contamination 
by micro-organisms. The most widely used antibiotic 
supplement is a mixture containing penicillin and 
streptomycin.  
 cell density are started by removing the medium. After 
d with HBSS solution to remove all unattached cells. 1 
 was added to the flask and place inside incubator for 5 
 medium was added and cells were aspirated by gently 
ifuge tubes. The tube was centrifuged at 18oC with 
ium was then removed and new medium was added in. 
µL of cell suspension was transferred into a vial and 
e (Sigma) for cell counting within 3 minutes. Using a 
 of the stained cell suspension was withdraw and place 
t of a clean hemacytometer (Hausser scientific Horsham, 
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USA) with cover slip. The hemacytometer was placed on the stage of an inverted 
microscope.  
 
The viable cell (slightly opalescent, round and pale with a darker outline) was counted 
on the 5 counting squares. The average number of viable cells per square was 
calculated. The cell counts from both chambers of the hemacytometer were recorded. 
If the counts differ by more 20%, another sample was prepared to verify the count. The 
viable cell number is calculated using the formula: 
Viable cell number/ mL =Average of viable cells /square x 104 x dilution factor 
 
Finally, new medium was added to meet the required cell density.  
 
3.3.2 MTT assays 
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (BDH, 
Holland) assay was carried out to determine the metabolic activity of the cell and also 
to estimate the cell proliferation.  The yellow tetrazolium MTT is reduced by 
metabolically active cell into insoluble purple formazan crystal. The assay is based on 
the observation that viable cells have the ability to metabolize a water soluble MTT 
into insoluble formazan salt [103, 104].  
 
Cells were washed with PBS twice to remove all the serum to minimize the chance of 
aggregate formation between the charged sites of proteins and polymer.  1 ml DMEM 
without serum and 100µL of sterile filtered MTT stock solution (5mg/ mL) in 
phosphate buffered saline (PBS) pH 7.4 were added. As MTT is light sensitive, the 
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stock bottle must be shielded from light.  After 4 hours, a purple-colored cell 
cytoplasma was observed. 
 
Unreacted dye and media was removed by aspiration, the insoluble formazan crystals 
were dissolved in 1 mL/ well DMSO (Fisher Scientic, UK) to lyse the cell and dissolve 
the dye by vigorously shaking for at least 15 min. The optical density was measured by 
using a microplate reader (GENios, Tecan, Australia) at a wavelength of 570nm (test) 
and 620nm (reference). As viable cells reduced the MTT to purple precipitants, 
therefore the intact culture samples were photographed. Control wells of blank media 
reading were substracted from each averaged value above.   
 
3.3.3 Albumin Determination by ELISA 
Albumin is one of the major proteins that are synthesized by the liver and secreted into 
the blood. It is essential for maintaining the oncotic pressure, which keeps the blood 
from leaking into other bodily tissues [35]. Albumin is also very important in the 
transportation of many substances such as drugs, lipids, hormones, and toxins that are 
bound to albumin in the bloodstream. Once the drug or other substance reaches the 
liver, it is detached from the albumin and made less toxic by conversion to a water-
soluble form that can be excreted [36]. Thus, low serum albumin is normally indicative 
of poor liver function.  
Generally, the concentration of the albumin is determined by Enzyme Linked 
Immunosorbent Assay (ELISA). ELISA is a simple and quantifiable tool that uses an 
enzyme-labeled reactant to quantify the reaction. Most of the applications of ELISA 
involve studies on the adaptive immune system. Two main key substances in ELISA 
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are antigens and antibody. Antigens are protein that when injected into animals elicit 
the production of antibodies. Such antibodies are effectively functional molecules 
whereby a portion of the molecule binds to various infectious agents whereas the 
second, constant portions binds to receptors of cells and also activates the blood 
complement cascade. Three main methods that form the basic ELISA are direct 
ELISA, indirect ELISA and sandwich ELISA [37-39].  
 
The difference between the direct and indirect method is that the added antibodies for 
the indirect system are not labeled with enzyme but are themselves targeted by 
antibodies linked to an enzyme. Direct sandwich ELISA can be helpful in orienting the 
antigenic molecules and so increase the chance that the antibodies will bind. On the 
other hand, indirect sandwich ELISA has the advantage of having a number of 
different sources of antibodies that can be added to the captured antigen, provided that 
the species in which it was produced is not the same as the capture antibody [38, 39].  
 
The albumin concentration in the culture medium was collected at various time points 
during the culture period and determined using a Human Albumin ELISA Quantitation 
Kit (Bethyl Lab. Inc, USA).  
 
Several buffer solutions were prepared before testing, such as the coating buffer (0.05 
M sodium carbonate, pH 9.6). 0.3975 g (0.015 M) of Na2CO3 (Merck, Germany) and 
0.7351 g (0.035 M) of NaHCO3 (Sigma, Germany) were dissolved in 250mL of 
distilled water. The pH of the solution was then adjusted to 9.6 by adding 0.05 M 
Na2CO3 or 0.05 M NaHCO3. The washing solution (TBS with 0.05% Tween 20) of 
TBS powder (Sigma T-6664, Germany) and 500µL of Tween 20 (Sigma, Germany) 
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were dissolved in 1 L of distilled water. A blocking solution (TBS with 1% BSA) was 
prepared by dissolving TBS with BSA powder (Sigma, Germany) in 1 L of distilled 
water, and then was divided into 2 bottles. 250 µL of Tween 20 was added to one 
bottle with blocking solution to prepare sample/conjugate diluents (TBS with 1% BSA 
and 0.05% Tween 20). The stopping solution is H2SO4 and the enzyme substrate is 
TMB (Sigma, Germany).  
 
ELISA was performed by the following method. 1µL of coating antibody was diluted 
to 100µL of coating buffer for each well to be coated. Coated plate was incubated for 1 
h at 37oC. After incubation, the solution was aspirated and the plates were washed with 
wash solution. 200µL blocking solutions were added into each well. After incubation 
for 30min, the solution was aspirated. Each well was then washed with the wash 
solution. The supernatant as diluted 1:1 with sample diluents and incubated in a 
volume of 100µL per well at 37oC for 1 h. Plate was incubated for 60 minutes. After 
incubations, samples solution was removed and each well was washed by using the 
washing solution. 100µL of HRP detection antibody was transfer to each well. The 
plates were incubated for 60 min. After incubation, HRP conjugate was removed and 
each well was washed. 100µL of TMB was transfer to each well. Plate was incubated 
for 5-30 minutes. 100µL of 2M H2SO4 was added to each well to stop TMB reaction, 
colors changed from green to yellow. After that, plate was read at a wavelength of 
450nm by using the microplate reader.  
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3.3.4 Cytochrome P450 
Cytochrome P450 is an enzyme that catalyzes the oxidation of substrates within living 
organisms and its activity is used as a measurement for the hepatocytes-specific 
functionality of the liver cell cultures.  
The cytochromes P450 are a diverse multigene family of heme-containing proteins that 
oxidize, hydrolyze or reduce compounds through the insertion of an atom of 
atmospheric oxygen to the substrate during the reaction cycle. Cytochromes such as 
CYP1A tend to detoxify xenobiotic chemicals thus their concentration increase upon 
chemical exposure to substances such as PAHs, HAHs, TCDD and PCBs [40]. The 
reaction is not completely clear but is viewed as an attack by atomic oxygen on carbon 
or a heteroatom, with or without rearrangement [41]. The cycle is initiated by a 
substrate binding to the oxidized or ferric form of cytochrome P450.  
 
Cytochrome P450 activity was determined by an adaptation of the method as described 
[32, 106], with small modifications. Briefly, cells were washed with 2ml of PBS and 
then incubated with PBS containing 5µM 7-ethoxyresorufin (Sigma) and 10µM 
dicumarol (Sigma) (1ml of incubation medium/well) for 1h.   The reaction was 
terminated with 1ml sodium hydroxide (final concentration of 17mM sodium 
hydroxide) for 30min in dark. Finally, Fluorescence was measured using microplate 
reader (GENios, Tecan, Australia) at fluorescence of 530-nm excitation and 590-nm 
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Statistical Analysis 
One-way analysis of variance (ANOVA) was performed to determine statistical 
differences of various data sets by using 95% confidence intervals (p>0.05).  
 
3.4 In Vitro Cytotoxicity Testing 
L929 cell lines (ATCC, USA) were used for in vitro cytotoxicity testing since they are 
recommended by the standard institutions. The cells were maintained in continuous 
culture in MEM supplemented with 1.5g/L of sodium bicarbonate, 10% FBS, 1mM 
sodium pyruvate, 0.1mM non-essential amino acids and 2mM L-glutamine (Sigma, 
Germany) at 37oC in an air atmosphere containing 5% CO2 and 95% relative humidity. 
Besides of the polyphosphazenes samples, the evaluation was also carried out by using 
reference materials of polyurethane film containing 0.1% ZDEC as the positive control 
and HDPE as the negative control (Hatano Research Institute, Japan). The reference 
materials were chosen according to the ISO 10993 standard [107-108].  
 
3.4.1 Interaction between the substituted polyphosphazenes and L929 
Before the in vitro cytotoxicity testing was carried out, the interactions between the 
substituted polyphosphazenes of the cells were investigated. PGP, PPHOS2 and PMPP 
were coated as a film on 60mm Petri dish. Later, 1x104/cm2 of L929 was plated onto 
coated Petri dish and incubated for 1 to 9 days.  
 
3.4.2 Protocols for in vitro cytotoxicity testing  
The protocols for in vitro cytotoxicity testing were based on the ISO 10993 standard 
[94-96]. Methods to evaluate the cytotoxicity levels are the assessments of cell damage 
by morphological via phase contrast microscope and measurement of cell metabolism 
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by using MTT assays.  The study was carried out to evaluate the effects of pH on cell 
growth and also to exclude the pH effect whereby the solution of the polymers were 
adjusted into pH 7.4 by adding medium. 
 
Polymer samples were stored in serum supplemented tissue culture medium (0.01g/ml) 
for 48h at 37oC. The polymer extracts are collected and filtered by using 0.22µm filter. 
To exclude cytotoxic effects due to changes in pH of the polymer solutions, the pH of 
one of the polymer extraction were adjusted to 7.4. L929 cells were plated onto 96-
well microplates at a density of 3 x 104 cells/ well. After 24 h or until the cells have 
reached 80% confluence, culture medium was washed twice with PBS to ensure the 
complete removal of serum protein.  Then it was replaced by 100µL of the polymers 
extraction.  At various period (after 24h and 48h), medium with the polymer extracts 
were aspirated and replaced by 200µL DMEM without serum to minimize the chance 
of aggregate formation between the charged sites of proteins and polymer before the 
MTT assays. 20µL sterile filtered stock solution in PBS (5mg/ml) pH 7.4 were added 
to each well with a final concentration of 5mg MTT/ml.  After 4 hours incubation, 
unreacted dye and media was removed by aspiration, and the insoluble formazan 
crystals were dissolved in 200µL/ well DMSO to lyse the cell and to dissolve the dye 
by vigorously shaking for at least 15 min. The samples were measured 
spectrophotometrically in an ELISA reader at a wavelength of 570nm (test) and 620nm 
(reference). 
 
3.4.3 Phase contrast microscopy and SEM 
Cell- seeded scaffolds will be studied under phase contrast light microscope (IX 70, 
Olympus, Germany) and SEM microscope (Jeol JSM-5600LV, Japan). After removing 
  54
Chapter 3 Material & Methods 
 
the supernatant in cell culture dish, 2.5% Glutaraldehyde (Sigma, Germany) in PBS 
was be added and placed for 12h at 4oC. Cells were then dehydrated in a graded 
ethanol solution (50%, 60%, 70%, 80%, 90% ethanol in water) each for 10min, and 
finally in pure ethanol twice for 10min each. Finally, the cells were dried and coated 
































4.1 Polymer Characterization 
After the polymers were synthesized, the products were analyzed and characterized in 
detail. FTIR was used to confirm the existence of the proper functional groups and 
bonds in the substituted polyphosphazene polymers by comparing the absorption 
spectra with reference absorption peaks for the polymers.  
 
For the polymerization of polydichlorophosphazene  from (NPCl2)3 via ring opening 
polymerization, the FTIR spectra were obtained and shown in Fig. 4.1, showing that 
the infrared bands for (NPCl2)n  (1300, 1230 (P-N) ) shift to lower wavelength side 
after polymerization, compared to (NPCl2)3 at 1190, 1220 which have  been reported 
by Allcock [75]. 
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Figure 4. 1: FTIR spectrum of the monomer (hexachlorocyclotriphosphazene) and 
poly(dichlorophosphazene) 
 
The characteristics IR peaks for PGP are 3200-3400 (m, NH), 2900-3000(w, CH), 
1740 (s, C=O ester), 1100-1250 (s, P=N) and 900(P-NH). For PMPP, they are 2960-
3050 (w, aromatic stretch), 1500 (s, aromatic absorb), 1100-1250 (s, P=N), 900 (s, P-
NH), 590 (m, aromatic stretch). 
 
FTIR results show that PPHOS1, PPHOS2 and PPHOS3 have similar characteristic 
peaks but with different strengths: 3200-3400 (NH), 2900-3000 (CH), 1740(C=O 
ester), 1500 (Aromatic absorb), 1100-1250 (P=N), 900 (P-NH). The spectra show that 
the polymer possesses a combination of the two different chemical groups of ethyl 
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NMR was used to further characterize and identify the polymer by determining the 
absorptions that arise because of different nuclear spins interacting through the 
intervening bonding electrons. The different chemical shifts from 1H NMR represent 
the hydrogen in different chemical functional groups of the polymer as shown in Table 
4.1 and Figure 4.2.  
 
Table 4.1 shows the results of 1H NMR for all of the substituted polyphosphazenes. 
PGP possesses chemical shift at 1.1-1.2ppm, 3.3-3.7ppm and 4.0-4.3ppm which are 
related to the ethyl glycinato group in PGP. Meanwhile PMPP possesses aromatic 
group with   chemical shift at around 6.7-7.1ppm and its methyl protons of the methyl 
phenoxy group was represented by a chemical shift around 1.9-2.2ppm. PPHOS1 [85], 
PPHOS2 and PPHOS3 showed both the chemical shifts of PMPP and PGP but with 
different chemical integrations (area under peaks). This was caused by the different 
compositions of the side group in the polymer. 
 
Table 4.1: 1H NMR of substituted polyphosphazenes 
Chemical Shift (ppm)1.1-1.2a        1.9-2.2b        3.3-3.7c        4.0-4.3d        6.7-7.1e 
_____________________________________________________________________ 
 
PGP   1.6304          -                   1.1879       1.000         - 
PPHOS1  1.253       0.755        1.355       0.979             1.000 
PPHOS2  0.4211       0.9213        0.3332       0.2364      1.1279 
PPHOS3  0.2411       0.874        0.185       0.160              1.000 
PMPP   -       1.000  -  -      1.3075  
Note at a. Methyl protons of the ethyl group, b. Methyl protons of the methyl phenoxy 
side unit, c. Methyl protons of the ethyl group & N-H proton, d. Methylene protons 
next to nitrogen on glycinato groups, e. Protons of the aromatic group from phenoxy. 
 
  58

















Figure 4.3: 1H NMR spectrum of PMPP 
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Figure 4.4: 1H NMR spectrum of PPHOS2 
 
 
Table 4.2:  31P NMR of substituted polyphosphazenes 
_____________________________ 
Polymer  31P NMR 
_____________________________ 
 
PGP   0.8 
 
                                                  PPHOS1    9.6 
17 
 
  PPHOS2    18 
 
PPHOS3  17.4 
 





The value of the phosphorous peak from 31P NMR results is similar to the literature 
review besides for sign [85]. This might be due to operation error or the storage of the 
sample under d-chloroform for several weeks before testing. P-OH moieties and 
hydrogen bonding between the hydroxyl group might be formed and affect the results 
[110]. 
  60
Chapter 4 Results & Discussions 
 
The copolymer composition can be determined by calculating the ratios of peak 
integrals to obtain the ratios of side groups to the number of repeat units.  Table 4.3 
shows the side group ratio as determined from the 1H NMR integral calculations, CHN 
compositions, average molecular weight and glass transition temperature of the 
polymers. Side group ratio of the polymer was calculated based on H NMR integration 
and also CHN composition by trial and error. From these results, it can be seen that 
PPHOS1 possesses 25% methyl phenoxy groups and 75% ethyl glycinato group. 
While PPHOS2 has nearly equal amounts of the two different side groups and 
PPHOS3 has the highest compositions (78%) of methyl phenoxy and the lowest 
compositions (22%) of ethyl glycinato.  
 
Gel Permeation Chromatographic (GPC) was carried out to determine the molecular 
weight and also the polydispersity of the polymers. All of the substituted 
polyphosphazene substitution has molecular weight in the range 1x104 daltons with 
low polydispersities, of about 1-1.5. The molecular weight and polydispersity obtained 
were lower than previously reported values [100]. This might be due to the slightly 
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Table 4.3: Characterization data for substituted polyphosphazenes by using elemental 
analyzer, GPC and DSC 
Polymers Ratio         Elemental analyzer (wt%)       Mw(Da)  Tg(oC)    
____________________________________________________________ 
           xa  ya  C    N      H 
 
PGP  1 0 38.24 16.08 6.44(found) 5.18e4  -18  
    38.53 16.85 6.48(calc.) 
 
PPHOS1 0.75 0.25 44.10 12.56 6.60(found) 2.14e4  -14.14 
    45.33 13.91 6.21(calc)  
 
PPHOS2 0.40 0.60 54.975 9.175 5.88(found) 3.74e4  -7 
    51.93 11.01 5.96(calc)  
   
PPHOS3 0.22 0.78 59.81 7.29 6.66(found) 2.32e4  -5.55 
    58.44 8.18 5.70 (calc) 
 
PMPP  0 1 64.03 5.04  5.27(found) 3.68e4  -0.3 
                                    64.82 5.40 5.45(calc) 
 
aThe compositions of the side group of substituted polyphosphazenes were determined 
by 1H NMR and elemental analysis results. 
 
 
The glass transition temperature of the polymers were obtained from differential 
scanning calorimeter (DSC) and  was found to be  in the range of -18oC to 0oC. The 
glass transition temperature increased from PGP to PMPP with the increasing content 
of methyl phenoxy group. This is due to the presence of methyl phenoxy side group 
which possesses a stiff benzene ring that reduces chain flexibility and increases the 
glass transition temperature.  
 
All of the polymers were casted as film to microscope slides for SEM investigation 
and the images are shown in Figure 4.5.  The results reveal that PGP film (Fig 4.5(a)) 
has the smoothest surface among the five polymers, while PPHOS1, PPHOS3 and 
PMPP films (Figure 4.5 (b), (d) and (e) ) show a regular and orderly pattern. However, 
the morphology of the PPHOS2 films (Fig. 4.5 (c)) was random. The difference in film 
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morphologies of the polymers can be explained by the crystallinity of the polymers, of 
which the polymer molecular structure is a key controlling factor. PMPP which have 
smaller side groups compared to PGP might be packed into crystals easily and increase 
the crystallinity. In addition, the tendency of aromatic rings to stack together in an 
orderly fashion also increases the alignment of the polymer. The results also revealed 
that molecular weight and polydispersity are also factors that can affect the 
morphology as observed by G. Gruenwald [111]. Lower molecular weight might lead 
to perfect crystallite formation compared to high molecular weight polymer. Therefore, 
similar polymers of higher molecular weight as synthesized before would not form the 
same morphology [85].  
 
On the other hand, the substitution pattern of PPHOS2 was presumed to be random 
and therefore did not form a regular and orderly pattern. Similar morphology have 
been also observed for NP(OPhCH3)0.40(NHCH2COOCH2CH3)0.60 (image not shown) 
which have nearly equal compositions  of  the two different side groups. The 
polyphosphazene copolymers with equal or nearly equal amounts of both side groups 
therefore did not facilitate the alignment and formation of crystalline structures that 
can be clearly observed.  













       
(a)      (b) 
 
   (c)          (d) 
 
        
                                    (e)  
Figure 4.5: SEM of substituted polyphosphazene films on microscope slide: (a) PGP, 
(b) PPHOS1, (c) PPHOS2, (d) PPHOS3, (e) PMPP 
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To further investigate this hypothesis, the  samples were analyzed by XRD  to   
determine their crystallinity. The crystallinity of the polymers was supported by XRD 
results as shown in Fig. 4.6. X-Ray Diffraction (XRD) produces very distinctive 
patterns for crystalline and amorphous materials. The relatively sharp peaks are due to 
the scattering from the crystalline regions and the non-crystalline materials will form 
broader underlying peaks. The percentage of crystallinity or fraction of crystal is then 
given by the ratio 
Xc=Ac/(Aa+Ac) 
 
Where Aa is the area under amorphous base and Ac is the area under the crystalline 
peaks [112].  
 
As observed in Figure 4.6, PGP and PPHOS2 only show an amorphous base without 
any crystalline peak. Meanwhile, PPHOS1 and PPHOS3 show quite similar crystalline 
patterns and PMPP possesses the highest crystallinity among the polymers. These 
XRD results are in agreement with the SEM results and thus, it can be concluded that 




















Figure 4.6: XRD diagram of the five different polyphosphazenes polymer films 
 
From the SEM results, distinct intermolecular phase separation can also be observed. 
This was strongly supported by Energy Dispersive X-ray Analysis (EDX). The X-rays 
for EDX are generated in a region about 2 microns in depth, and thus EDX is not a 
surface analytical technique. By moving the electron beam across the material an 
image of the elements within the sample, except for proton, can be acquired as shown 



















Figure 4.7: EDX spectrum for PPHOS2 
 
   
 (a)        (b)          (c) 
Figure 4.8: SEM of (a) PPHOS1, (b) PPHOS2 and (c) PPHOS3 with application of 
EDX 
Table 4.8 shows that different areas of the same samples have different chemical 
composition. For example, the smooth surface in the white box of Fig. 4.8 presented 
higher O atomic percentage and lower C atomic percentage than the rough surface. A 
higher O atomic percentage and lower C atomic percentage is indicative of ethyl 
glycinato-rich domain and lower O atomic group and higher C atomic percentage is 
indicative of a methyl phenoxy-rich domain.  
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Table 4.4: C and O atomic percentage from EDX results for PPHOS for different areas 
as shown in Fig. 4.8 
 
 
    Polymer               Rough       Smooth 
                                   Atomic (%)  Atomic (%) 
 
PPHOS 1  C 41  C 31 
O 33  O 50 
______________________________________________ 
 
PPHOS 2  C 49  C  27 
O 24  O  58 
______________________________________________ 
 
PPHOS 3  C 50  C 15 
O 23  O 68 
 
 
It seems that the copolymer blocks segregate into ethyl glycinato-rich and methyl 
phenoxy-rich domains that form periodic arrays termed microphases. Methy phenoxy-
rich domains is observed to be morphologically rougher than ethyl glycinato-rich 
domains. This type of the structure is shown schematically in Figure 4.9 where the two 
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Figure 4.9: Schematic representation of the structure of a PPHOS copolymer. The 
thicker lines represent the methyl phenoxy-rich domain and the thinner lines the ethyl 
glycinato-rich group domain. 
 
Figure 4.10 and Figure 4.11 show the resulting images of PPHOS 1 and PPHOS2 
surfaces obtained from AFM using the tapping mode. Both of the images exhibited a 
small area which is dragged by the tip even in tapping mode. This can be explained by 
the fact that polyphosphazenes with different chemical functional groups form separate 
regions; one is softer and the other one is harder. The softer area is composed of  
amorphous, ethyl glycinato group and the harder area is mainly composed of 
crystalline methyl phenoxy group. The AFM tip ground through the softer area and 
formed the unclear image. However, further analysis and study are necessary to 
confirm this hypothesis. 
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Figure 4.10: AFM images of PPHOS1 
 





Chapter 4 Results & Discussions 
 
Thermogravimetric analysis (TGA) scans (Figure 4.12) show distinct thermal history 
for the substituted polyphosphazenes depending on its structure and composition. 
Previous works have observed the different thermal processes of the polymer include 
random chain cleavage of the polyphosphazene at temperatures between 120oC to 
250oC and depolymerization to form small molecule cyclic phosphazenes at 
temperatures around 300oC [113, 114]  
 






















Figure 4.12: The TGA scans of the polymers 
 
The polymer with pure ethyl glycinato group (PGP) was more prone to undergo 
skeletal cleavage of chain polymer as shown by the greater weight loss (36%) at 120o 
C to 250oC, compared with PPHOS3 (30%) and PMPP (20%). In contrast, the pure 
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methyl phenoxy side group PMPP shows a greater tendency to depolymerize to 
monomer or small cyclic oligomers at around 300oC as shown by a sharp weight loss 
(60%). It is therefore observed that nonpolar substituent polymer is more likely to 
undergo random chain cleavage of the backbone than depolymerization. All the 
polymers ultimately form a nonvolatile residue which were black and stable up to 
800oC. It is probable that cross-linking of these polymers occurs by cleavage of the P-
N backbone.  
 
The surface wettability of the polymer films was investigated by using dynamic water 
contact angle. From Figure 4.13, PGP was seen as the most hydrophilic polymer 
among the five polymers due to its lowest advancing contact angle, θa (20o) and 
receding contact angle, θr. Meanwhile PPHOS1, PPHOS2 and PPHOS3 possess 
advancing water contact angles in the range of 30o to 70o. In contrast, PMPP was the 
most hydrophobic polymer because of its highest advancing contact angle (82o). 
Therefore, it can be observed that substitution of PPHOS with higher composition of 
methyl phenoxy reduced surface wettability due to the fact that the ethyl glycinato 
group which possesses the oxygen and nitrogen group is more polar and hydrophilic 
than the methyl phenoxy side group.  
 
It was also observed that the higher substitution of methyl phenoxy groups, the greater 
the hysteresis (θa-θr) which may be due to the surface chemical heterogeneities or the 
surface roughness. SEM micrographs of PPHOS1, PPHOS2, PPHOS3 and PMPP film 
samples were uneven, having rough topographical features while PGP was smooth. 
Basically, thermodynamic and mechanistic are two views points that have been 
espoused in the literature on the effect of surface roughness effects. However, 
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observations are dependent on how the experiments are performed and the 
quantification of the effects is difficult and somewhat controversial [115-116]. 
 
In addition, the increase in contact angle hysteresis may be due to the larger surface 
inhomogeneities, in agreement with the findings by the other research groups [117]. 
The hysteresis is also used as a probe for the sign of functional-group segregation at 
the surface [118]. The large hysteresis of the polymer films might be also attributed to 
the mobility of the functional group located near the surface of the material to form 



















Figure 4.13:  Water contact angles for substituted polyphosphazenes. Values are the 
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4.2 In Vitro Cytotoxicity Testing 
All of the synthesized polyphosphazenes were tested for their cytotoxicity effect in an 
effort to ensure their biocompatibility. The ISO 10993-5 guide lines stipulate 3 
approaches for a standard cytotoxicity test as shown in Figure 4.14. 
Cytotoxicity Testing 
Direct Contact Indirect Contact Extraction 
 
Figure 4.14: Three approaches for cytotoxicity testing 
 
For the indirect contact test, an intermediary such as agar or filter is required to isolate 
the cells from any physical contact with the samples. During incubation, extracts from 
the samples will diffuse through the agar to the underlying cells. This method is 
particularly useful in comparing polymers that are surface modified. The main 
advantage of the indirect and direct contact test is that minimal amounts of the tested 
materials are required. However, direct contact and indirect contact are subjective 
evaluation as compared to the extraction method [119, 120].   
 
A preliminary cytotoxicity test was carried out by firstly casting the polymer as a film 
onto the Petri dish before seeding with L929 cells to study their interaction with 
polyphosphazenes. Changes in cell morphology and the detachment of cells from the 
Petri dish were used as indicator of cell survival by microscopic observations before 
the tests were carried out. From these results, cell proliferation was the highest on PGP, 
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followed by PPHOS2 and PMPP thin film as shown in Figure 4.15. The number of 
cells on PGP increased significantly from day 1 to day 7 but the number of cells on 
PPHOS2 and PMPP were only maintained at low levels. Thus, the cytotoxicity level 
can be ranked as follow: PMPP> PPHOS2> PGP. Since there are several factors that 
might influence the result such as the surface wettability and surface topology, a more 
detailed test was carried out based on extraction method to avoid a biased evaluation. 
























Figure 4.15: L929 cell proliferations at 1,2,3,6 and 9 days after seeding on PGP, 
PPHOS2 and PMPP thin film. 
 
 
   
4.2.1 In vitro cytotoxicity testing based on extraction  
The in vitro cytotoxicity testing was carried out by including the pH dependent effects 
as well by excluding the pH dependent effects. For both cases, the cytotoxicity level 
after 24h and 48h was evaluated using the MTT assay and observed with a phase 
contrast microscope. By including the pH dependent effect, the different functional 
group compositions of polyphosphazenes shows a varied level of cytotoxicity as seen 
in Fig. 4.16. The highest cell viability was maintained with the negative control of 
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HDPE, which is represented as a non-response for cytotoxicity. PGP maintained 
higher cell viability compared to PPHOS2 and PMPP after 48h of exposure to the 
polymer extract. The lowest cell viability (30%) was observed on the positive control 
















after 24h Include After 48h Include 
 
Figure 4.16: MTT results of pH dependent effect on L929 after 24h and 48h 
 
The optical micrographs images (Figure 4.17) were captured to study the morphology 
of the cells cultured in the polymer extract after 48h. A confluent monolayer of cells 
on the negative control could still be observed. However, the number of cell decreases 
from PGP to PMPP with the increasing content of the methyl phenoxy group. 
Therefore PGP possessed higher cell viability than PPHOS2 and PMPP. The number 
of cells was also observed to be higher on PPHOS2 than PMPP and the lowest cell 
viability was seen on the positive control. The cells with the positive control have a 
grainy morphology and lack cytoplasmic space which might be due to cell lysis 
(integration). These reduced the cell viability and increase the cytotoxicity level. In 
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        (a)       (b) 
 
 
   
 
          (c)      (d) 
 
            
      
 
           
          (e) 
    
Figure 4.17: Light microscope of cells after exposure to (a) negative control (b) PGP (c) 
PPHOS2 (d) PMPP (e) positive control 
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To exclude the pH effect, the polymer extracts were adjusted to pH 7.4 by adding fresh 
medium. MTT assay was performed to investigate the cell viability after 24h and 48h 

















after 24h exclude After 48h Exclude
 
Figure 4.18: MTT results of exclude pH dependent effect on L929 after 24h and 48h 
 
The results showed that the cell viability for PGP, PPHOS2 and PMPP were not 
significantly different at 24h; however, after 48h, the highest cell number was 
observed on the negative control, followed by PGP, PPHOS2, PMPP and the positive 
control. The trend observed was similar to the tests that included the pH effect. In 
addition, the light micrograph images (Figure 4.19) also showed that the cell viability 
was reduced via the introduction of methyl phenoxy group. It can be summarized that 
cytotoxicity level was increased by introducing methyl phenoxy groups for both cases, 
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whether pH effect was included or excluded. Furthermore, the result is also consistent 







(a)      (b) 
 






Figure 4.19: Light micrograph of cells after exposure to (a) negative control (b) PGP 
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4.3 Interaction between polyphosphazenes and Hep3B 
 
































Figure 4.20:  MTT assays of Hep3B cells measured as optical density (OD) function of 
culture time on polymers.*Statistically significant differences in data (calculated using 
one-way ANOVA with p<0.05) with respect to TCPS of the same condition. 
 
Hep3B cells were cultured on the surface of the substituted polyphosphazenes, 
PLL/laminin film and TCPS to evaluate for the cell viability and proliferation by using 
the MTT assay after 3, 5 and 7 days, and the results are shown in Figure 4.20. The 
results were analyzed statistically using one-way ANOVA to determine whether there 
were any statistically significant differences among the experimental groups at the 95 
percent level of significance (P<0.05). At 3 days after the seeding of cells, the highest 
cell proliferation was observed on PLL/laminin, followed by PPHOS2, PPHOS1, PGP, 
PPHOS3 and only a minimal cell proliferation was observed on PMPP. All the 
samples were significantly different from the TCPS control with the exception of 
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PPHOS1. After 5 days incubation, cell proliferation on PPHOS1 film had decreased 
significantly but PPHOS2, PLL/laminin and TCPS demonstrated the ability of 
continued cell adhesion and proliferation on its surface.  
  
There was no significant increase in cell growth between days 5 and 7 for PPHOS1, 
PPHOS3 and PMPP in contrast to PPHOS2 and PLL/laminin. PLL/laminin still 
maintained the highest cell proliferation compared to the other samples after 7 days 
incubation and PPHOS2 with moderate hydrophilicity exhibited the greatest cell 
adhesion compared to the other polyphosphazenes substitution. On the other hand, cell 
viability and proliferation was also observed to be high on control samples, which is 
tissue culture polystyrene (TCPS). This is not unexpected as TCPS surfaces are 
generally treated and modified to make them suitable for cell growth and adhesion. 
 
After seven days incubation, cell on TCPS showed a large standard deviation. This 
was due to one of the three samples which achieved low optical density. There is a 
possibility that TCPS favor cell growth that produced an over-confluent condition and 
resulting in acidity condition which causes cell death. 
 
No trends have been observed in correlating the polymer composition with cell 
viability. However, by introducing methyl phenoxy group of more than 75%, the cell 
viability was significantly reduced at various time points. This might be due to the 
cytotoxicity of the polymer as seen in the cytotoxicity tests. Also, an equal 
composition of the two polyphosphazenes side group favors cell adhesion over the 
other polyphosphazenes.   
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Briefly, as the surface wettability decreased, the number of cells adhered on the 
surfaces increased and subsequently decreased after a certain hydrophilicity level. The 
observations of cells adhering more on the surface sites of moderate hydrophilicity  
than on more hydrophobic or hydrophilic positions were also reported by the other 
research groups such as Lee and co-workers. They also reported that the maximum 
adhesion and growth of cells appeared on positions with moderate hydrophilicity [61].  
 
4.3.2 Hep3B function-albumin synthesis 
The influence of chemical functional group and surface wettability on the cell 
functionalities such as albumin secretion and cytochrome P450 activity has been 
examined together with cell proliferation. Media of the culture cells were collected at 
days 3, 5 and 7 day for the evaluation of the albumin secretion using an ELISA kit and 
the results are shown in Figure 4.21. After 3 days, the albumin secretion levels of the 
cells on all of the substituted polyphosphazenes were significantly different from 
positive control and TCPS, with PPHOS2 maintained the lowest albumin secretion 
rates. However, albumin secretion decreased significantly at later times (days 5 and 
days 7) for PPHOS2, PPHOS3 and PMPP. 
 
By including the cells number observations from the previous section, it can be seen 
that although the number of the cells is low on PGP, the cells still maintain a high 
albumin secretion. Thus, it is reasonable to say that the cells on the PGP film exhibited 
higher cell functionality even which compared to PLL/laminin. For the PPHOS2 
surface, albumin secretion was low even through the cell proliferation was the highest 
observed. Therefore, it is hypothesized that the cell morphology controls the functions 
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of the cells. The results also revealed that cell functionality is higher on more 



































Figure 4.21: Albumin secretion rates of Hep3B, cultured for 3, 5, 7 days on PGP, 
PPHOS1, PPHOS2, PPHOS3, PMPP, blank and PLL/laminin, estimated by ELISA as 
optical density at 450nm. Each culture condition was done in triplicate. .*Statistically 
significant differences in data (calculated using one-way ANOVA with p<0.05) with 
respect to TCPS of the same condition. 
 
To further illustrate the point, the albumin secretion of Hep3B cells were quantified by 
calculating the secretion of individual cells, i.e. albumin secretion calculated as a ratio 
of MTT conversion. This more comprehensive view of the effects of surface 
wettability and chemical functional group on cell activity is presented in Fig.  4.22. It 
can be seen that PGP maintained the highest level of albumin synthesis as compared to 
the other polymers. Furthermore, as the polymer water contact angle decreases, the 
ability of cells to synthesize albumin increases and the albumin synthesis in the Hep3B 
culture was ranked PPHOS1>PPHOS2>PPHOS3. Therefore, the highest 
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hydrophobicity samples were the least stimulating to the albumin secretion of cells 
























































Figure 4.22: The Hep3B activities (albumin production/ MTT conversion) on polymers 
after 3, 5 and 7 days incubation. 
 


















Figure 4.23: Cytochrome P450 results after 4 days incubation. 
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Cytochrome P450 enzymatic activity also was used to evaluate liver cell function. The 
results of the analysis (Fig. 4.23) are expressed as mean values ± s.d. and the P450 
activity was measured only on day 4 of culture. Similar to albumin synthesis results in 
the previous section, lower cell proliferation was observed on PGP film while 
maintaining higher P450 cell functionality than PLL/laminin. This indicates that PGP 
is favorable for the Hep3B Cytochrome P450 enzymatic activity and possessed higher 
cell functionality which is comparable to the positive control (PLL/laminin). For the 
other substituted polyphosphazenes, statistically insignificant differences in enzymatic 
activity at days 4 were observed. On TCPS, even though the cells grew well (according 
to Fig. 4.20), it was not suitable for maintaining the cell functionality such as 
cytochrome P450 enzyme activities.  Cells on TCPS also showed lower P450 
enzymatic activities compared to PLL/laminin. Since the evaluation was only carried 
out at one time point, it is difficult to indicate any trends in the conclusion. However, it 
is reasonable to point out that the morphology of the cells might be an explanation for 
the above results.   
 
4.3.4 Morphology of the Scaffold and the Hep3B Cells 
The cell morphologies of Hep3B cultured on substituted polyphosphazenes, 
PLL/laminin film and TCPS and the results are shown in Figures 4.24 and 4.25. 
According to the optical microscope images for the cell culture after 3 days of 
incubation (Fig. 4.24), cells cultured on PLL/laminin organized themselves into a 
regular monolayer distribution over the surface with the highest cell proliferation. 
However, cells on PGP film tend to form aggregates or spheroids that were larger than 
those on the other polymers. The images also revealed that cells adhered onto PPHOS1 
spread and flattened to a larger extent than those on PGP. In addition, there were fewer 
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cells observed on PPHOS3 and PMPP compared with the other polymer. The cells 
were isolated on PPHOS3 films and were irregular in shape on PMPP films. The 
results clearly demonstrate that there were different processes during Hep3B culture on 
thin film with different wettability and surface morphologies. 
 
After 5 days incubation, as shown in Figure 4.25, the morphologies of the cells are 
same for all samples except PMPP at day 3. Cells adherent on PLL/laminin, TCPS and 
PPHOS2 exhibited a higher level of cell growth and spreading compared to the other 
polymers. Cells on PLL/laminin and PPHOS2 were considered confluent with the 
formation of a monolayer. Cells on the PPHOS2 thin film also formed flattened 
morphology over the surface. However Hep3B cells still did not spread well on the 
PGP thin film. This indicates that culture on PGP generally prevented the spreading of 
cells and favored organization of cells into aggregates. In comparison, cells on PMPP 
films looked rounder compared with the morphology observation at day 3. The number 
of cells adhered on both PPHOS3 and PMPP films generally decreased with time, as 
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(a) (b) 
 
      
  (c)      (d)  
  
  (e)  
Figure 4.24:  Light micrograph of Hep3B on (a)PLL/laminin and (b)PPHOS1 (c) 
PGP  (d)PPHOS3 (e)PMPP films, after 3 days of culture 
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  (e) 
 
Figure 4.25: Light micrograph of Hep3B on (a) PLL/laminin (b) PPHOS2 (c) PGP 
(d)TCPS (e) PMPP, after 5 days of culture 
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Due to the limited resolutions of the optical microscope, SEM was used to examine the 
morphologies of the cells. Figure 4.26 shows that the cell morphology was changed 
along the wettability gradient of the polymer films. Hep3B cultured after 3 days on 
PGP exhibited a round cellular morphology and more spheroidal aggregates compared 
to the other polymers. The surfaces of the cells on PGP thin films were also observed 
to be folded and rougher than the other cell morphologies.   
 
Meanwhile by increasing the methyl phenoxy group and thus increasing the 
hydrophobicity, the cells on PPHOS1 appeared more spread. PPHOS 1 showed 
partially spread cells with a higher shape factor. When Hep3B cells were cultured on 
PPHOS2, their morphology was dramatically different, with highly spread cells and 
flattened cell body morphology. 
 
Interestingly, spread cell on PLL/laminin is smooth without the observation of belbs 
and microvilli. Also, cells on TCPS possessed a smooth surface compare to the cell on 
PGP thin film.  Through integrin occupancy, signaling, and cytoskeleton 
reorganization, cell shape has been found to correlate with hepatocytes function under 
some culture condition [121,122]. Microvilli and blebs have been reported as sources 
of reserved surface membrane during cell spreading [123,124]. 
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       (a)           (b) 
       
(b) (d) 
   
(e) (f) 
Figure 4.26: Morphology of cells on (a) PGP (b) TCPS (c) PPHOS1 (d) PPHOS2  (e) 
PLL/laminin (f) TCPS film 
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4.4. Discussion  
From the results of the experiments, it can be seen that the hydrophilic PGP does not 
show the greatest adhesion of Hep3B cells although it is among the least cytotoxic 
surface. It has been shown by other works that the introduction of a hydrophilic surface 
improves the biocompatibility of the original polymer [59, 60] and the amount and 
adhesion strength of the cells [125]. However, the highly hydrophilic PGP surface did 
not promote cell growth and spreading. A possible explanation is that the hydrophilic 
surface lead to weak protein adsorption which can distort the shape of the cells [62]. 
However, if the interface was too hydrophilic, the unbound state of the polymer would 
be unstable, and too many hydrophilic pairs would lead to too many unfavorable 
interactions [126].  Furthermore, the strong surface interactions may damage the native 
structure of a protein molecule, and lead to a loss of its quaternary coherent structure 
and subsequently denaturation [127]. The number of cell on PGP decreased in the first 
5 days and later increased at 7 days. This may be due to the absortion of a low initial 
amount of serum for cell attachment on PGP but this also shows reversible protein 
adsorption.  
 
Several research groups have reported that moderate surface wettability promotes cell 
adhesion [128-130]. For instance, Yasushi Tamada and Yoshito Ikada studied three 
different proteins and adhesion of cells onto various substrates [131].  Maximum cell 
adhesion (L-cell, mice fibroblast cell line) occurred on surfaces having moderate water 
wettability (600 to 800 water contact angles), and adhesion decreased both on surfaces 
with higher water wettability and on those with lower water wettability. They also 
observed the fact that cells are more adhered, spread, and proliferate higher on the 
moderately hydrophilic surfaces [128].  
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By introducing a moderate hydrophilic layer such as PPHOS2, the surface is rendered 
more lubricious [131]. Most of the inner and outer surfaces of soft tissue are lubricious 
and due to this lubricity, serious damage to the tissue surfaces can be avoided even if 
the moderate hydrophilic surfaces are brought in frictional contact with each other. 
PMPP was shown to be the most hydrophobic polymer and it did not promote cells 
adhesion, which may be due to the highly hydrophobic surface causing strong and 
partially irreversible adsorption of proteins leading to extensive denaturation of the 
adsorbed proteins [132].  
 
The copolymers of polyphosphazenes synthesized have two different functional groups 
on the backbone which might process different surface characteristics for cells 
interaction after forming a film on the cover slips. The long, hydrophilic ethyl 
glycinato chains will interact with water and be extended relatively freely into the 
water phase but the short and hydrophobic methyl phenoxy group will interact strongly 
with the surface and form small loops (Fig. 4.27). 
 
Ethyl glycinato  Methyl phenoxyphenoxy  
Figure 4.27: Polyphosphazenes copolymer with methyl phenoxy and ethyl glycinato 
group expected ideal conformation at glass-water interface. 
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Ethyl glycinato group with longer chain act as brushes on a surface preventing the 
adhesion of cells thus causing the cell to remain rounded in shape. As PPHOS2 has 
equal amounts of both groups, its surfaces are less perturbed by the ethyl glycinato 
group and thus favors cell attachment and promote the cell spreading.  
 
Moreover, it is of interest to note – the positive control of laminin on PLL which 
showed the highest cell proliferation. The laminin has multiple cell adhesion sites, thus 
many different cellular receptors will bind to laminin and promote cell adhesion and 
proliferation [133]. Furthermore, earlier work by Bissell et al. reported that a laminin-
rich matrix supports differentiated liver function in culture [134].  
 
In considering the influence of the different chemical functional groups, it was found 
that increasing in the content of the methyl phenoxy above 70% reduced the cell 
adhesion and growth while PPHOS2 with nearly of equal amounts of the two different 
side groups increased cell adhesion, in agreement with the findings of other research 
groups [85].  
 
While studying cell adhesion and spreading in vitro, Rajaraman’s study noted a 
number of important events during the process of cell adhesion and spreading: contact 
of cells with the substratum, growth of filopodia, cytoplasmic webbing and flattening 
of the central mass [124]. Cells on PLL/laminin showed smooth surfaces without 
microvilli or bleds. In contrast, bleds was observed for cells on PMPP and blank TCPS 
surfaces, which probably contain precursors of microfilaments.  These observations 
suggest that the contractile properties of filopodia may be responsible for the cell 
spreading.  
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The morphology of cells has profound influence on cell functionality and cell 
proliferation. Generally, spread cells promote the adhesion and growth while round 
cells exhibited higher level of albumin synthesis and P450 enzymatic function [117, 
123, 135] All these observations suggest that cell-cell  and cell-materials interaction 
enhances liver-specific functions. As pointed out by Raimund [136], mitosis and 
differentiation are not parallel but subsequent events within a cell. This can explain 
why the cells on PPHOS2 with high cell proliferation did not show high cell 
functionality while cells on PGP showed high cell functionality but low proliferation. 
This also suggests that a dividing cell can only maintain a minimal degree of tissue 
specific differentiation.  
 
However, as reported by Krasteva [137], both C3A cells and normal porcine 
hepatocytes spread better on hydrophilic surface. This further suggests that a 
predominant factor of the polyphosphazenes affecting cell proliferation and 
functionality may be their chemical functional side groups. 
 
It should be emphasized that surface wettability is only one of the  factors that might 
influence cell proliferation and functionality. Since the polyphosphazenes synthesized 
also possessed different chemical functional group, crystallinity, cytotoxicity level and 
surface morphology, these properties also might influence the results of the cell culture 
experiments above. Although little is known about the role of the crystallinity of a 
polymer in cell-substrate interaction, it is obvious from this study that crystalline 
polyphosphazenes, other than PGP and PPHOS2, have different surface morphologies 
and wettability that have important effects in modulating Hep3B adhesion and 
activation. 
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Polyphosphazenes with two different functional side groups have been successfully 
synthesized. Polydichlorophosphazenes was first synthesized via ring opening and 
subsequently macromolecular substitution was used to introduce the ethyl glycinato 
and methyl phenoxy side groups. These polymers were casted as films and used to 
evaluate the effect of chemical functional on the surface morphology, surface 
wettability, crystallinity and thermal history of the polymer.  
Briefly, several conclusions which can be made are: 
1. The presence of methyl phenoxy group increases the glass transition 
temperature, dynamic water angle and hysteresis.  
2. The shorter side groups of PMPP also increases the crystallinity of the polymer 
compared to PGP which possesses a longer side group. 
3. Polyphosphazene copolymers with equal or nearly amounts of both side groups 
did not facilitate the formation of crystalline structures. 
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4. Copolymer of substituted polyphosphazenes segregated into ethyl gycinato-rich 
and methyl phenoxy-rich domains that forms periodic arrays or microphases. 
5. The surface topography of the different chemical functional group of 
polyphosphazenes differed markedly, as observe by using SEM, which might 
be due to the differences in crystallinity.  
6. The cytotoxicity level of the substituted polyphosphazenes are ranked as 
PMPP> PPHOS> PGP.  
 
Additionally, the synthesized polyphosphazenes were also used to study the influence 
of hydrophilic and hydrophobic surface characteristics on cell adhesion and cell 
functionality, especially for a liver cancer cell line, Hep3B. Although PGP represents 
the lowest cytotoxicity level from the cytotoxicity testing, but it did not show the 
highest liver cell viability with the substituted polyphosphazenes thin film. It is clear 
that the overall biological processes of cell adhesion and growth are sensitive to the 
outermost or surface functional groups and also to the wettability of the polymers. 
 
Of all samples analyzed, the greatest cell proliferation was observed on PPHOS2, with 
moderate hydrophilicity. Moderate surface wettability (60-70o) is the major factor in 
promoting high levels of cell attachment but not cell functionality.  
 
The morphology of the cells showed profound influence on cell functionality and 
proliferation. When Hep3B cells were cultured on PPHOS2, they were spread and 
flattened. However, cells on PGP were more rounded and spheroidal in morphology 
with clustering of the cells. In short, our results suggested that the more hydrophilic 
surfaces did not enhance cell spreading but supported significantly greater cell 
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functionality such as albumin secretion and cytochrome P450 activities. The 
morphology of the cells was also found to be dependent on surface composition which 
has a direct influence on cell functionality and proliferation. Mitosis and differentiation 
are not parallel but subsequent events within a cell [133]. This can explain why the 
cells on PPHOS2 with high cell proliferation did not show high cell functionality while 
cells on PGP showed high cell functionality but low proliferation. 
 
Our finding also imply that in order to engineer material surfaces with optimal 
properties for maintaining call differentiation, one must understand the complex 
interrelationships among material surface properties and cellular responses. In 
conclusion, the wettability material has a strong influence on the attachment and 
morphologies of hepatocytes while the effects of surface properties and chemical 
functional group still remain to be elucidated. Polyphosphazenes would appear to be an 
interesting candidate as scaffolds for tissue engineering, as it is shown to be easily 
modified and tailored to the specific requirements for the applications. 
 
 5.2 Suggestions 
1. Different side groups of new substituted polyphosphazenes should be 
synthesized. 
2. Surface modification on the substituted polyphosphazenes should be carried 
out to increase the cell proliferation and functionality of the polymers. 
3. Primary cell should be use to study the interaction between the hepatocytes and 
substituted polyphosphazenes instead of cell lines. 
4. To better understand the differences between the substituted polyphosphazenes 
and PLL/laminin in terms of the cell studies on surface wettability, future 
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studies should include repeating the same cell viability and functionality testing 
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